Aims: White matter (WM) injury after intracerebral hemorrhage (ICH) results in poor or even fatal outcomes. As an anti-inflammatory drug, minocycline has been considered a promising choice to treat brain injury after ICH. However, whether minocycline can reduce WM injury after ICH is still controversial. In the present study, we investigate the effect and underlying mechanism of minocycline on WM injury after ICH.
| BACKG ROU N D
Intracerebral hemorrhage (ICH) often results in brain injury, which contributes to the high morbidity and mortality of this subtype of stroke. [1] [2] [3] The complex tissue pathology resulting from ICH involves both gray matter and white matter (WM). White matter fibers, including the corpus callosum, internal capsule, anterior commissure, and striatum bundles, are highly vulnerable to additional injury in ICH patients. Thus, WM injury reflects the brain's vulnerability to further insult and predicts poor outcomes after ICH. [4] [5] [6] Our previous work has shown that ICH-induced iron toxicity causes WM injury through c-Jun N-terminal kinase (JNK) and receptor-interacting protein kinase 1 (RIPK1) activation. 7 Because of white matter's critical role in neurotransmission, WM injury may also lead to severe sensorimotor dysfunction, neurobehavioral impairment, and cognitive disorders. 8, 9 Therefore, protecting against WM injury after ICH is a pressing concern.
Transforming growth factor-β (TGF-β) is a ubiquitous anti-inflammatory cytokine that is active in a variety of cell types. It is minimally expressed with latent isoforms in normal brain, but its expression increases strongly after several types of brain insult, including ischemia, trauma, and hemorrhage. TGF-β modulates microglia-mediated neuroinflammation after ICH, promotes functional recovery, 10 and plays a pivotal role in progressive WM injury. 11 It can be involved in the propagation of WM injury after ischemic stroke through the development of microangiopathy.
Enhancing production of TGF-β confers neuroprotection by alleviating WM injury.
Minocycline is a Food and Drug Administration (FDA)-approved highly lipophilic antibiotic with the ability to penetrate the brain-blood barrier (BBB), originally developed to treat meningitis.
In neurovascular studies, minocycline shows anti-inflammatory and neuroprotective effects in a rodent model of ICH and cerebral ischemia. 12, 13 Our previous studies have demonstrated that minocycline is able to inhibit the inflammatory response to brain injury and reduce neuronal apoptosis, brain edema, and BBB disruption by iron chelation. 14, 15 Although ongoing clinical trials suggest that minocycline may be a neurovascular protective agent in humans, the underlying mechanisms remain to be elucidated. 16, 17 Previous studies have indicated that minocycline significantly reduces neuroinflammatory WM injury induced by hypoxia and alleviates WMrelated cognitive impairment after chronic hypoperfusion through its robust effects on oligodendrocyte progenitor cells. 18, 19 We hypothesize that minocycline can reduce neuroinflammation and then alleviate WM injury and improve behavioral impairment after ICH.
In the present study, experimental ICH piglets were used to evaluate the beneficial efficacy of minocycline in treating WM injury after ICH. Intracerebral hemorrhage models have been established in many species, including rodent, cat, dog, rabbit, and piglet. 20 We chose the piglet as it is a large mammal exhibiting close similarity to humans with a higher WM concentration in piglets' brains compared to other potential model species. 21, 22 2 | ME THODS
| Animal preparation and intracerebral infusion
The 56 male piglets (15-25 kg) used in this study were obtained from the Experimental Animal Center of Shanghai Jiaotong University.
Animal use protocols were approved by the Animal Ethics Committee of Fudan University. Two piglets died during initial anesthesia and were excluded from the study. The ICH models were generated as previously described. 23, 24 Before the operation, the animals were acclimated to the surroundings for at least 1 week. The animals were sedated with ketamine (15-20 mg/kg, IM) and diazepam (5-10 mg/ kg, IM) for induction of anesthesia and endotracheal intubation, and 5% pentobarbital sodium was used to maintain anesthesia during the surgical procedures. Body temperature was maintained at 37.5 ± 0.5°C by a heating pad. The right femoral artery was catheterized with a polyethylene catheter (PE-160) to obtain blood for injection and monitor arterial blood pressure and blood gases. A cranial burr hole (1.5 mm) was then drilled 11 mm to the right of the sagittal suture and 11 mm anterior to the coronal suture. An 18.5-mm-long 18-gauge sterile plastic catheter was placed stereotaxically into the center of the right frontal cerebral white matter at the level of the caudate nucleus. Autologous arterial blood of 1 mL of was infused for 10 minutes with an infusion pump. Then, another 1.5 mL of blood was injected for 10 minutes after 5 minutes. 24 Sham piglets underwent the same procedure without blood infusion.
| Experimental groups
The experiment was divided into two parts. In the first part, pigs (n = 8) had a right frontal injection of autologous blood. Pigs were euthanized at days 1 and 3 for transcriptional analysis (n = 4 per group per day). Sham-operated pigs were used as controls (n = 4). In the second part, pigs had a right frontal injection of autologous blood and were treated with minocycline (4 mg/kg, intramuscularly, at 2 hours after ICH and then 2 mg/kg, intramuscularly, every 12 hours 
| Transcriptional analysis
Transcriptional analysis was performed as described previously. 10 In brief, gene ontology (GO) enrichment analysis, which describes gene properties, was performed, followed by mapping of genes to Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways to identify genes potentially expressed after ICH. Heatmaps were used to demonstrate the dynamic changes in target gene expression after ICH. Pathway-pathway analysis was then performed to identify potential interaction networks using Cytoscape 3.4.0 (Agilent and IBS). by two observers. The brain swelling rate is calculated as (ipsilateral cerebral hemisphere volume − contralateral cerebral hemisphere volume)/ipsilateral cerebral hemisphere volume × 100%. The quantification data of brain water content was showed in Table S1.
| Magnetic resonance imaging and brain swelling measurement

| Behavioral test
The neurological status of each animal was evaluated according to the neurological grading score, with modifications (Table S2 ). 25 Total neurological deficit included scores generated from a 25-point scale that assessed appetite (0-4), standing position (0-5), head position (0-2), utterance (0-2), gait (0-3), motor function (forelimbs/hind limbs; 0-4), and facial paresis (0-1) at 2 hours before surgery and at days 1, 3, 5, 7, and 14 after surgery. A total score of 25 indicates maximum impairment (comatose or dead pigs), whereas 0 denotes complete normality. The tests were conducted blind on the three groups by an observer.
| Immunofluorescence staining
Paraffin-embedded brains were cut into 10-μm-thick sections. The sections were deparaffinized in xylene and rehydrated in a graded series of alcohol dilutions. Antigen retrieval was performed by the microwave method using citrate buffer (10 mmol/L, pH 6.0). All sections were then treated with 0.3% hydrogen peroxide to neutralize endogenous peroxidases. The sections were then blocked with Fluor 488 donkey anti-rabbit IgG (1:1000; Jackson), and Alexa Fluor 594 donkey anti-rabbit IgG (1:1000; Jackson).
| Brain in situ freezing and sampling
Brains were frozen in situ by decanting liquid nitrogen into a 12-oz bottomless foam cup affixed to the head with Dow Corning High-Vacuum Grease (Dow Corning), as described previously. 26 This process usually took ~1 hour, and the head was removed after injection of potassium chloride to stop the heart beating. The frozen head was then cut with a band saw into 5-mm-thick coronal sections. Tissues were sampled from the points of interest.
| Western blotting
Western blot analysis was performed as previously described. 26 White matter tissue adjacent to the hematoma was sampled and electrophoresed on SDS/PAGE gels. After transferring the protein to a PVDF membrane, corresponding proteins were probed with different antibodies and signals were detected using an ECL kit. The 
| Real-time PCR
Real-time polymerase chain reaction was performed as described previously. 27 Briefly, total RNA was isolated with TRIzol reagent (Thermo Fisher Scientific); then, RNA was reverse-transcribed into cDNA using the Superscript First-Strand Synthesis System 
| Electron microscopy
Electron microscopy to access myelin and axon damage in the perihemorrhage area was performed as described previously. 28 Briefly, piglets were perfused with saline, followed by ice-cold 4% paraformaldehyde and 0.1% glutaraldehyde in 0.1 mol/L PBS (pH 7.4).
White matter tissue in the perihematoma area was microdissected into 1-mm blocks and fixed in 2% glutaraldehyde overnight. Then, the tissues were washed in 0.1 mol/L sodium cacodylate buffer (pH 7.4), postfixed in buffered osmium tetroxide for 1-2 hours. Following serial dehydration in acetone, the tissue was embedded in epoxy resin.
Sections of 60-90 nm thickness were placed onto 200-mesh grids, were stained with uranyl acetate and lead citrate, and were then examined with a JEOL JEM-1230 transmission electron microscope. We calculated the G-ratio (ratio of axonal diameter with myelin sheath and axonal diameter without myelin sheath) to assess white matter injury after ICH. Two consecutive sections from each animal at the perihematoma area were analyzed (n = 4 per group). Two images were acquired in randomly selected areas within the perihematoma from each section and analyzed with ImageJ by an investigator blinded to the experimental groups.
| Statistical analysis
All data in this study are presented as the mean ± standard error of mean (SEM) and have been analyzed using the SPSS 22.0 software.
Student's t test was used to analyze differences between two groups, whereas differences between multiple groups were analyzed with one-way analysis of variance (ANOVA). Two-way ANOVA was used to evaluate differences in the behavior tests among groups and among time points. Differences were considered significant when P < .05.
| RE SULTS
| TGF-β/mitogen-activated protein kinase (MAPK) signaling mediates white matter injury by modulating inflammation after ICH in piglets
To understand the changes in neuroinflammatory gene expression in white matter after ICH, we performed whole transcriptome sequencing for perihematomal white matter sorted from pig brains over the course of 3 days. Compared with the sham group, there are more than 2000 differentially expressed genes in the ICH group at day 3 postoperation. Gene ontology (GO) and pathway analyses indicate that ICH has a significant influence on the expression of genes relating to neuroinflammation ( Figure 1A,B ). The heatmap shows increased expression of inflammation-related genes at day 1 and day 3 after ICH ( Figure 1C) . To elucidate the potential mechanisms of ICH-induced inflammatory reactions, we performed further pathway-pathway network analysis. This analysis identified TGF-β and mitogen-activated protein kinase (MAPK) pathways in the inflammatory interactions after ICH ( Figure 1D ). The RNA-sequencing results were consistent with the RT-PCR analysis of the expression of genes related to the TGF-β and MAPK pathways ( Figure 1E ).
| Treatment with minocycline causes less ICHinduced brain swelling in piglets
T2-weighted MRI was used to determine ICH-induced brain swelling in piglets (Figure 2A) . A blinded observer outlined the hemisphere for each animal and measured its volume. Intracerebral hemorrhage caused brain swelling in piglets at days 0, 3, and 14 compared with sham-treated piglets (eg, day 3:11.9 ± 4.35 vs 7.23 ± 0.25, P < .05; Figure 2B ). There was no significant difference in brain swelling with or without minocycline treatment immediately after ICH. However, treatment with minocycline results in less severe brain swelling at day 3 (11.9 ± 4.35 vs 7.23 ± 0.25 in minocycline group, P < .05; Figure 2B ). In addition, the difference in the brain swelling ratio turned negative at day 14.
| Treatment with minocycline causes fewer neurological deficits in piglets
Intracerebral hemorrhage resulted in significant neurological deficits as assessed by the modified neurological grade scoring system at TA B L E 1 Primer sequences used for real-time polymerase chain reaction
Gene
Forward primer Reverse primer Figure 3 ).
| Treatment with minocycline causes less microglial activation in white matter after ICH in piglets
To investigate whether minocycline affects neuroinflammation in WM, microglial activation in WM was examined at day 3.
Intracerebral hemorrhage induced microglial activation and myelin basic protein (MBP) loss in WM. There were more ameboid-shaped ionized calcium-binding adaptor molecule 1 (Iba-1)-positive cells in the perihematomal WM bundles 3 days after ICH. There was a significant reduction in MBP along the WM. Minocycline reduced Iba-1 activation and alleviated the MBP reduction ( Figure 4A ).
Electron microscopy showed demyelination of WM regions in ICH piglets, but minocycline treatment preserved the myelin sheaths due to either prevention of demyelination or induction of remyelination at 14 days post-ICH ( Figure 4B ). G-ratio (diameter of axon/ whole fiber diameter) increased in the vehicle group, but not in ICH pigs treated with minocycline. These data suggest that minocycline induces remyelination after ICH. protein levels significantly increased ( Figure 5A-B) . Double-labeling showed that TGF-β immunoreactivity colocalized with Iba-1, but not with GFAP (an astrocyte marker) or CD31 (an endothelial cell marker). In addition, double-labeling indicated that TGF-β immunoreactivity colocalized with M2 microglia/macrophage marker CD206, but not with M1 microglia/macrophage marker CD86 ( Figure 5C ).
| Treatment with minocycline causes TGF-β upregulation in alternatively activated microglia/ macrophages in WM
| Minocycline-induced TGF-β upregulation suppresses neuroinflammation by modulating the MAPK signaling pathway
To analyze the pathway minocycline affects during ICH-induced WM injury, we examined the activation of ERK1/2, P38, and JNK in WM after ICH. Western blot assay confirmed that the ratio of phosphorylated/total ERK1/2, p38, and JNK increased after ICH. Treatment with minocycline decreases the activation of ERK1/2 and p38 but does not affect the activation of JNK ( Figure 6 ). Figure 7A-B ).
| D ISCUSS I ON
In this study, we evaluated the effect of minocycline treatment on WM injury after ICH in piglets. We show that: The effect of minocycline treatment in ICH has focused primarily on its function against iron overload in the brain. Although this function is extremely important in hemorrhagic contexts, we have discovered another mechanism for minocycline for treating secondary brain injury. 14, 15 It has been shown previously that minocycline shows anti-inflammatory, antiapoptotic, and neuroprotective effects in many models of cerebrovascular insult. Brain neuroinflammation occurs after experimental ICH and causes secondary brain injury, including brain edema, neuronal death, brain atrophy, and poor neurological outcomes. 3 WM injury, known to be a frequent complication of ICH, is one consequence of the inflammatory response induced by blood components and metabolites. 5 The present study showed that minocycline confers protection against hemorrhagic WM injury in a mammal model and discovered a potential mechanism for this protection via the TGF-β/MAPK signaling pathway. These results suggest that minocycline may be ideal for use in ICH treatment.
Mitogen-activated protein kinase subtypes, consisting of p38, JNK, and ERK1/2, are critical signaling molecules that modulate inflammation induced by several stimulators. 29, 30 Our previous studies have demonstrated that ICH activated the JNK signaling pathway in WM bundles in rats. Deferoxamine, an iron chelator, reduced ICH-induced JNK activation and white matter loss. 7 Other reports demonstrated that suppressing P38 MAPK activation confers neuroprotection in rat intracerebral hemorrhage. 31, 32 In the present study, we show through transcriptional profiling that the TGF-β and MAPK pathways contribute significantly to inflammation and WM injury in piglets. This response was upregulated on day 1 and persisted till day 3.
The role of TGF-β after hemorrhagic events has been elucidated previously. 33, 34 Similarly, we observed a significant increase in TGF-β levels in WM bundles after ICH in piglets. The level of TGF-β reflects microglial polarization after ICH. M1/M2 macrophage balance polarization is known to govern the fate of neuroinflammation and brain injury after ICH. 35, 36 Alternatively activated or M2 microglia/ macrophages, which are polarized by cytokines such as IL-4 and IL-13, produce anti-inflammatory cytokines such as IL-10 and TGF-β for neuroprotection, including inflammation suppression, tissue repair, remodeling, and vasculogenesis. Previous studies have shown that minocycline promotes microglial polarization via upregulation of the TrkB/BDNF pathway. 37 Minocycline significantly reduces the levels of TNF-α and IL-1β, and increases the levels of TGF-β, IL-10, and YM-1 in acute stroke models. 38 Our current study reveals the changes in TGF-β expression after ICH with or without treatment with minocycline, which may underlie minocycline's ability to reduce WM injury by activating M2 polarization via upregulating TGF-β.
Inflammation plays a key role in white matter lesions induced by cerebral ischemia or brain trauma. 39, 40 Based on our findings of microglial activation and increased expression of proinflammatory mediators in WM bundles of ICH pig models, neuroinflammation has been considered a key pathophysiology of WM injury after ICH. In addition to its microglial regulating properties, minocycline is likely also a non-selective inhibitor of MAPKs. 41 The current study demonstrates that minocycline inhibits the activation of p38 and extracellular signal-regulated kinase1/2 (ERK1/2), which is supported by previous studies. [42] [43] [44] The MAPK pathway has a key role in ICH-induced WM injury. The current study demonstrates that inhibition of MAPK causes less WM damage, brain swelling, and neurological deficits in ICH pigs. Previous findings have shown that axonal/WM damage is associated with MAPK activation after ischemic stroke and inhibition of this kinase improves axonal/WM recovery. 45, 46 WM constitutes approximately 50% of human brain volume and an even higher percentage in piglets, and WM injury can cause sensorimotor impairment, cognitive dysfunction, psychiatric disorders, gait disturbance, disequilibrium, and pain-contributing to critical neurological deficits. 47 The present study demonstrates WM-protective and neurorestorative roles for minocycline after ICH, according to histological, MRI, and behavioral criteria. The salutary effects of minocycline on WM integrity confirmed by electron microscopy likely contributed to the improvements in cognitive and sensorimotor functions after ICH. These results reveal a role for minocycline in the MAPK pathway's protection and repair of WM and long-term functional recovery after ICH.
The TGF-β-TAK1-MAPK pathway is a classical TGF-β signaling pathway. TGF-β superfamily ligands bind to type I or type II TGF-β receptors, which recruit and phosphorylate receptors, increasing the expression of phosphorylated ERK1/2, p38, and JNK. 48 The current study indicates that minocycline causes upregulation of TGF-β after ICH, which decreases the activation of ERK1/2 and p38. Therefore, further research regarding the relationship TGF-β and MAPKs after ICH is warranted.
| CON CLUS IONS
In conclusion, ICH leads to acute MAPK activation in white matter in piglets. Treatment with minocycline after ICH suppresses MAPK activation by upregulating TGF-β and attenuates WM injury.
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